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Extending previous work on this subject, we evaluate the impact of vectorlike fermions at next-to-
leading order accuracy in models with a massive vector leptoquark embedded in the SUð4Þ × SUð3Þ0 ×
SUð2ÞL ×Uð1ÞX gauge group. Vectorlike fermions induce new sources of flavor symmetry breaking,
resulting in tree-level flavor-changing couplings for the leptoquark not present in the minimal version of the
model. These, in turn, lead to a series of nonvanishing flavor-changing neutral-current amplitudes at
the loop level. We systematically analyze these effects in semileptonic, dipole and ΔF ¼ 2 operators. The
impact of these corrections in b → sνν and b → cτν observables are discussed in detail. In particular, we
show that, in the parameter region providing a good fit to the B-physics anomalies, the model predicts a
10% to 50% enhancement of BðB → KðÞννÞ.
DOI: 10.1103/PhysRevD.102.115015
I. INTRODUCTION
The B-physics anomalies have triggered a renewed
interest in theory and phenomenology of models containing
leptoquark fields. In particular, the U1 massive vector
leptoquark (LQ), originally proposed by Pati and Salam
(PS) in the context of a unified description of quarks and
leptons [1], has the correct quantum numbers to provide a
successful phenomenological description [2–8] of the
recent anomalies (see e.g., [9] for a recent review). A
key ingredient to achieve this goal is a LQ mass around a
few TeV and Oð1Þ couplings to third generation fermions.
These requirements rule out the original PS model and have
motivated the study of a series of alternative models able to
host the U1 field [10–23]. Among them, those based on the
gauge group SUð4Þ × SUð3Þ0 × SUð2ÞL ×Uð1ÞX [15–22]
(originally proposed in [24,25], and denoted as “4321” in
the following) are particularly interesting and well moti-
vated. This is the case especially for those implementations
where the SM-like fermions are charged nonuniversally
[17–22]. The interest in such class of models goes beyond
their phenomenological impact in B-physics: they hint
at a possible solution of the Standard Model (SM) flavor
puzzle [17], and might also be able to address the
electroweak hierarchy problem [21].
As pointed out in [26,27], in order to investigate the
interplay between precision measurements and collider
searches in this class of models, it is important to explore
the relation between low- and high-energy observables
beyond the tree level. In [26,27] we have presented a
systematic analysis of the next-to-leading-order (NLO)
corrections induced by the two largest gauge couplings,
namely α4 and αs. Such NLO effects lead to a sizable
enhancement of the LQ contribution in low-energy semi-
leptonic observables, at fixed on-shell coupling, that could
reach up to 40% in specific amplitudes [26].
The analysis of [26,27], being focused on NLO effects
related to the gauge sector, has been performed in a
simplified version of 4321 models characterized by the
minimal fermion and scalar field content. The purpose of
this paper is to go beyond this limitation by analyzing the
impact of one-loop corrections due to the exchange of
massive vectorlike fermions. The latter are a key ingredient
for a successful description of the anomalies, and also a
necessary ingredient to describe the subleading entries
in the effective Yukawa couplings of the SM-like chiral
fermions [16–20].
More precisely, the purpose of the paper is twofold. On
the one hand, extending the model with the inclusion of
vectorlike fermions, we evaluate the modifications of the
leadingOðα4Þ corrections to the matching conditions to the
semileptonic operators computed in [26]. As an application
of this result, we present a detailed discussion of the relative
weight of vector and scalar contributions to the b → cτν
decay amplitude. On the other hand, since vectorlike
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respect to the minimal version of the model, we present a
systematic analysis of all the flavor-changing neutral-
current (FCNC) amplitudes generated beyond the tree level
at Oðα4Þ. The latter effects turn out to be particularly
relevant for processes such as b → sνν̄ or B–B̄ mixing,
which do not receive a tree-level contribution in this class
of models. Combing the NLO amplitudes computed in this
paper with those analyzed in [26], we present the first
complete analysis of the U1 impact in b → sνν̄ decays,
which is of great phenomenological interest.
The structure of the paper is as follows: In Sec. II, we
introduce the minimal version of the model and the relevant
interactions for the loop computations, and discuss in detail
the effect of including vectorlike fermions. In Sec. III we
present our results of the loop-induced FCNCs. The
phenomenological implications in b → sνν̄ and b → cτν
transitions are discussed in Sec. IV. The results are
summarized in Sec. V. Appendixes A and B provide further
details on the vectorlike fermion implementation and on the
loop computations, respectively.
II. THE MODEL
A. Minimal field content
The 4321 models are based on the SUð4Þ × SUð3Þ0 ×
SUð2ÞL ×Uð1ÞX gauge symmetry. We denote the corre-
sponding gauge fields by HAμ, Caμ,WIμ, and B0μ, with indices
A ¼ 1;…; 15, a ¼ 1;…; 8, and I ¼ 1, 2, 3, and the gauge
couplings by g4, g3, g2, and g1. The SM gauge group
corresponds to the 4321 subgroup SUð3Þc ×Uð1ÞY ≡
½SUð4Þ × SUð3Þ0 ×Uð1ÞXdiag, with SUð2ÞL being the
SM one. The hypercharge, Y, is defined in terms of












As in the SM case, it is useful to define the mixing angles
θ1;3, relating the 4321 gauge couplings to the SM ones





g4s1 ¼ g1c1; ð1Þ
with gs and gY denoting the SUð3Þc and Uð1ÞY gauge
couplings, and where we used a shorthand notation for the
sine (s1;3) and cosine (c1;3) of the mixing angles.
The SM gluon, Gaμ, and hypercharge gauge boson, Bμ,
written in terms of 4321 gauge bosons and mixing angles,
read
Gaμ ¼ c3Caμ þ s3Haμ; Bμ ¼ c1B0μ þ s1H15μ : ð2Þ
The additional gauge bosons transform under the SM gauge
group as U1 ∼ ð3; 1; 2=3Þ, G0 ∼ ð8; 1; 0Þ, and Z0 ∼ ð1; 1; 0Þ.
In terms of the 4321 gauge eigenstates, they are given by





p ðH9;11;13μ − iH10;12;14μ Þ: ð3Þ
These gauge bosons become massive after the spontaneous
breaking SUð4Þ × SUð3Þ0 × Uð1ÞX → SUð3Þc ×Uð1ÞY .
The corresponding masses depend on the explicit form
in which the 4321 model is spontaneously broken. In most
4321 models, this is triggered by the vacuum expectation
values (vevs) of two scalar fields transforming in the
antifundamental of SUð4Þ, Ω1, and Ω3, singlet and triplet






























where ω1;3 are the Ω1;3 vacuum expectation values. In the
limit ω1 ¼ ω3 and g3;1 ¼ 0 the massive vectors are degen-
erate: this is the result of an unbroken global symmetry, that
we denote as SUð4ÞV custodial symmetry. The latter is
defined by the diagonal combination of the SUð4Þ ×
SUð4Þ0 groups, with SUð4Þ0 being the global group that
contains SUð3Þ0 and (part of) Uð1ÞX as a subgroup.
Electroweak symmetry breaking proceeds as in the SM
through the vev of a SM-like Higgs field, which could
either be fundamental or composite [21].
The minimal matter content of the models and their 4321
representations are described in Table I. The Ω1;3 scalar





























































ðϕ†U − tan βh†UÞ
!
; ð5Þ
1An additional scalar field, transforming in the adjoint of SUð4Þ and singlet under the rest, is often introduced in some 4321 models
[16,20]. For simplicity, we only consider this field in Appendix A.
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where ϕi and hi are, respectively, would-be Goldstone and
physical scalars with the same quantum numbers as the
corresponding gauge fields, S1 and S3 are SM singlet
physical scalars, and tan β≡ ω1=ω3. In the limit of heavy
radial modes (mhi ; mS1;3 ≫ mU;Z0;G0 ), we are left with a
nonlinear realization of the SUð4Þ × SUð3Þ0 ×Uð1ÞX →
SUð3Þc × Uð1ÞY symmetry breaking, as in the composite
model in [21]. As we show in Sec. III, most NLO
corrections can be evaluated also in the nonlinear case
with marginal ambiguities on the size of the effects.
We consider a version of the 4321 model were the
would-be SM fields (in the absence of fermion mixing) are
charged nonuniversally under the 4321 gauge group, see
Table I. The fermion content charged under SUð4Þ consists
of three fields transforming as Pati-Salam representations
under SUð4Þ × SUð2ÞL ×Uð1ÞX: one SUð2ÞL doublet, ψL,
and two SUð2ÞL singlets, ψR . In addition, we have two
identical SM-like families, singlets under SUð4Þ and trans-
forming as the SM fermions under SUð3Þ0×SUð2ÞL×Uð1Þ.
In the absence of fermion mixing (see Sec. II C), the
SUð4Þ-charged fermions would correspond to the SM third
generation (plus a right-handed neutrino), and the SUð4Þ
singlets to the light-generation SM fermions.
B. Relevant interactions
We describe only those interactions that are relevant for
the loop computations below. The U1 interactions with SM
















where Uμν ¼ DμUν −DνUμ, with Dμ ¼ ∂μ − igsGaμTa −
i 2
3
gYBμ. If we neglect terms of Oðg2SMÞ, with gSM being
any of the SM couplings, the triple gauge interactions of two
U1 with Z0 (G0) are the same as with B (G) with the




(gs → g4). The relevant inter-






p Z0μ½ð3 − 2sin2βÞϕ†Ui∂μϕU þ ð1þ 2sin2βÞh†Ui∂μhU − 2 sin β cos βðh†Ui∂μϕU þ ϕ†Ui∂μhUÞ
þ 2mUð1 − 2sin2βÞϕ†UUμ − 4mU sin β cos βh†UUμ þ H:c:
þ g4G0aμ ½sin2βϕ†UTai∂μϕU þ cos2βh†UTai∂μhU þ sin β cos βðh†UTai∂μϕU þ ϕ†UTai∂μhUÞ
−mUð1 − 2sin2βÞϕ†UTaUμ þ 2mU sin β cos βh†UTaUμ þ H:c:; ð7Þ
with Ta being the SUð3Þ generators. In the absence of
fermion mixing (see section below), and neglecting once
more terms of Oðg2SMÞ, the interactions between the





p Uμðq̄03L γμl03L þ q̄3Rγμl3RÞ þ H:c:
þ g4Z0μðψ̄LγμT15ψL þ ψ̄RγμT15ψRÞ
þ g4G0μðq̄03L γμTaq̄03L þ q̄3RγμTaq̄3RÞ; ð8Þ
where ψR¼ðψþRψ−RÞ⊺, q3R¼ðu3Rd3RÞ⊺, l3R¼ðν3Re3RÞ⊺. Finally,
the couplings of Goldstones and radials to fermions depend
on the specific vectorlike implementation (see section
below) and are described in Appendix A.
C. Vectorlike fermions
We now discuss the inclusion of massive fermions,
vectorlike under the SM gauge group, to the minimal
model discussed in the previous section. In realistic 4321
models, these are introduced to induce couplings between
the SUð4Þ vectors and the light SM families. For simplicity,
here we focus on the mixing with a single SM-like family,
and therefore introduce only one vectorlike family. More
precisely, we add to the minimal model one family of
left-handed fermions, transforming in the fundamental
TABLE I. Minimal matter content. Here i ¼ 1, 2, ψL≡
ðq03Ll03L Þ⊺, ψþR ≡ ðu3Rν3RÞ⊺, and ψ−R ≡ ðd3Re3RÞ⊺. The prime in the
left-handed fields indicates that these are not mass eigenstates
(see Sec. II C).
Field SUð4Þ SUð3Þ0 SUð2ÞL Uð1ÞX
ψL 4 1 2 0
ψþR 4 1 1 1=2
ψ−R 4 1 1 −1=2
q0iL 1 3 2 1=6
uiR 1 3 1 2=3
diR 1 3 1 −1=3
l
0i
L 1 1 2 −1=2
eiR 1 1 1 −1
H 1 1 2 1=2
Ω3 4̄ 3 0 1=6
Ω1 4̄ 1 0 −1=2
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representations of SUð4Þ and SUð2ÞL, and one family of
right-handed partners. The massive fermions are vectorlike
under the SM gauge group; therefore, the right-handed
partners should transform in the fundamental of SUð2ÞL,
but there is freedom in the SUð4Þ × SUð4Þ0 transforma-
tions. As shown in Table II, we consider two possible
implementations: they are either SUð4Þ singlets and trans-
form in the fundamental of SUð4Þ0 (model I), as in [21]; or
they are SUð4Þ0 singlets and transform in the fundamental
of SUð4Þ (model II), as in [20].
Having two SUð4Þ charged fields with the same Lorentz
and gauge transformation properties, ψL and χL, leads to a







This symmetry is broken by the fermion masses, giving rise
to a possible mixing among ψL and χL, and possibly also
the SUð4Þ-singlet fermions, q0L and l0L, after the breaking
of the SUð4Þ symmetry. The SUð4Þ breaking in the fermion
masses could either be due to the vevs of Ω1;3 or via new
sources. We discuss the details for each implementation in
Appendix A.
In either case, the mass terms after SUð4Þ breaking read
Lmass ¼ Ψ̄q0LMqQR þ Ψ̄l0LMlLR; ð10Þ





























and where Mq;l are three-dimensional mass vectors.
Without loss of generality, these mass vectors can be
written as
Mq ¼ W̃qOqð 0 0 mQ Þ⊺;
Ml ¼ W̃lOlð 0 0 mL Þ⊺; ð12Þ
where mQ;L are the vectorlike fermion masses. Here, the
3 × 3 orthogonal matrices Oq;l parametrize the mixing













with sQ;LðcQ;LÞ being the sine (cosine) of the θQ;L mixing
angles.
On the other hand, the 3 × 3 unitary matrices W̃q;l








with Wq;l being unitary 2 × 2 matrices. To better under-
stand the origin of the flavor mixing matrices, it is















where M1q;l is real and M
4
q;l is a 2-vector. Their combined
presence encodes two different flavor symmetry breakings:
(i) The Uð2Þξ alignment of M4q and M4l is at the origin
of the Wq;l matrices. Indeed, we have
M4q ¼ Wqð0 M3Þ⊺;
M4
l
¼ Wlð0 M1Þ⊺; ð16Þ
with M3;1 being real parameters with mass dimen-
sion, and Wq;l as before. The SUð4Þ breaking from
M4q;l is analogous to the SUð2ÞL breaking in the SM
from the up- and down-type fermion masses. As we
show below, only the misalignment of quarks and
leptons in Uð2Þξ space, encoded in W ¼ W†qWl, is
physical.
(ii) The ratio between M1q;l and M1;3 determines the
breaking of the Uð2Þq;l flavor symmetry of the light
fermions. Such breaking appears in the form of the
Oq;l mixing matrices, with tan θQ;L ¼ M1q;l=M3;1.
In the mass basis, the SUð4Þ vector interactions with left-
handed fermions (in the limit g3;1 ¼ 0) take the form
TABLE II. Additional fermion content. Here χL ¼ ðQ0LL0LÞ⊺
and χR ¼ ðQRLRÞ⊺. The prime in the χL components indicates
that these are not mass eigenstates.
Model Field SUð4Þ SUð3Þ0 SUð2ÞL Uð1ÞX
I χL 4 1 2 0
QR 1 3 2 1=6
LR 1 1 2 −1=2
II χL 4 1 2 0
χR 4 1 2 0









































with P23 ≡ diagð0; 1; 1Þ projecting into the SUð4Þ compo-
nents of Ψq;lL . Since W̃q;l and P23 commute, the individual
W̃q;l matrices are not observable, but only the combination






It is convenient to rewrite these interactions in an SUð4Þ
basis, or in the quark (QiL) and lepton (L
i
L) components of














































In this basis, the interactions in (17) take the simple form










p Z0μðQ̄iLγμQiL − 3L̄iLγμLiLÞ
þ g4G0aμ Q̄iLγμTaQiL: ð20Þ
The unitary matrixW can be regarded as a generalization of
the Cabibbo-Kobayashi-Maskawa (CKM) matrix to SUð4Þ
or quark-lepton space. Similarly to the CKM case, the W
matrix is the only source of flavor-changing transitions
among SUð4Þ states, and it appears only in interactions
involving both quarks and leptons. In this sense, the vector
LQ, Uμ, is analogous to the SM Wμ. Similarly, the Z0μ, G0μ
are analogous to the SM Zμ and their interactions are SUð4Þ
flavor-conserving at tree level. In analogy to the SM, we
will denote Uμ transitions as charged current and Z0μ; G0μ
transitions as neutral currents. As in the SM, flavor-
changing neutral currents proportional to the W matrix
are generated at the loop level. We compute these con-
tributions in Sec. III.
Finally, note that the structure in (10) holds in the limit of
unbroken SUð2ÞL symmetry, with a single family of
SUð4Þ-singlet fermions (corresponding to the SM with
two generations). Its generalization to a three-generation
case, and the inclusion of SUð2ÞL-breaking effects from the
SM Yukawa couplings is straightforward, as long as we
neglect light-quark mass effects. Note in particular that the
2-3 mixing form the SM Yukawa couplings (corresponding
to a 1-2 mixing in the Ψq;lL space) can effectively be
encoded via the replacement Oq;l → Oq;lLq;l, where Lq;l
are rotation matrices in 1-2 space resulting from the




Before presenting the results, it is illustrative to show
explicitly the unitarity cancellations taking place in the
FCNC loops, analogous to the so-called Glashow-
Iliopoulos-Maiani mechanism in the SM. For instance,
for the fermion self-energy amplitude discussed in
Appendix B 1 b, diagram (i), we have
Aself ∝ Ψ̄qO
⊺
qP23W̃Ol½1fψ2 ðs;mU; 0Þ þ P3½f
ψ
2




¼ Ψ̄qO⊺qP23½1fψ2 ðs;mU; 0Þ þ c2LW̃P3W̃†½f
ψ
2
ðs;mU; mQÞ − fψ2 ðs;mU; 0ÞP23OqΨq
¼ Q̄L½1fψ2 ðs;mU; 0Þ þ c2LW̃P3W̃†½f
ψ
2
ðs;mU; mQÞ − fψ2 ðs;mU; 0ÞQL; ð21Þ
where fψ
2
is the loop function, we took liL massless, and
P3 ¼ diagð0; 0; 1Þ. In the second line, we used the property





P23 ¼ c2LP3: ð22Þ
Similar unitarity cancellations also take place in vertices
and boxes. It is worth stressing some features that are
common to all the FCNC loops presented here:
(i) Since we are dealing with SUð4Þ interactions only,
the external states can always be written in the
SUð4Þ basis defined in (19).
(ii) Similarly to the SM, the SUð4Þ flavor-changing
contribution is proportional to W̃P3W̃
† ¼ Wi2Wj2.
The effect ofOl is seen in the factor c2L, which gives
the projection of the massive component in the
SUð4Þ state.
(iii) The FCNC part of the amplitude is proportional to
the flavor- and SUð4ÞV-breaking component of the
vectorlike mass in (10): in the limit of small breaking




j2 ≈Wi≠j and, by means of Eq. (A16), we
can interpret the flavor-violating amplitude as the
result of inserting the symmetry-breaking mass term
on the vectorlike fermion propagator.
(iv) While our computations present many similarities
with those in the SM, one should not be tempted to
simply rescale the SM contributions. Indeed, the
presence of both W and Oq;l mixing matrices,
instead of just the CKM matrix, yield loop functions
that are different from their SM analog. In the limit
of small breaking, this can be understood from the
fact that symmetry breaking terms and fermion
masses (controlling the loop functions) can be varied
independently in our case, while they are in one-to-
one correspondence in the SM.
In the next subsection, we present the result of the
effective flavor-changing vertices of the Z0 and G0 massive
vectors to fermions, using the SUð4Þ basis in (19). These
(gauge-dependent) vertices, which are evaluated in the
Feynman gauge, are then combined with the box ampli-
tudes in order to obtain the (gauge-independent) contribu-
tions to the Wilson coefficients (WC) of the semileptonic
FCNC operators (written in the standard model effective
field theory basis). In Sec. III D, we present the results
of dipole-type effective operators and in Sec. III E of the
ΔF ¼ 2 hadronic operators.
B. Z0 and G0 flavor-changing vertices



















































LVG0ðxZ0 ; xL; θLÞ; ð24Þ
where xZ0;G0 ¼ m2Z0;G0=m2U and xQ;L ¼ mQ;L=mU. The
gauge and Goldstone contributions to the vertex functions
VVðxV ; xi; θiÞ, with V ¼ Z0q; Z0l; G0, have the general form
VMV ðxV ; xi; θÞ ¼ xi½dMV ðxVÞΔU þ FMV ðxV ; xi; θÞ; ð25Þ




, and M ¼ I; II denotes
the different vectorlike models in Table II. As expected, the
unitarity cancellation discussed in the previous section
ensures that the flavor-changing vertices vanish in the limit
xi → 0. The loop functions FV are given in Appendix B 1 c.
For reference, we give the value of FV in the limit xV ¼
xi ¼ 1 and neglecting terms of Oðθ2i Þ:
FI
Z0q















ð1; 1; θQÞ ¼ −4;
FI
G0ð1; 1; θLÞ ¼ −1; FIIG0ð1; 1; θLÞ ¼ −1: ð26Þ






− xZ0 ; d
II
Z0q







− xZ0 ; d
II
Z0q











In a renormalizable model, we expect dV ¼ 0, since the
FCNC vertices are not present at tree level. Indeed, this is
the case also in our models, but only after the introduction
of the radial contributions. These depend on the different
implementations of the scalar sector, and thus should be
discussed for each model separately.
1. Model I
The scalar content of this model is the same as the one
described in Sec. II. The only radial mode that can mediate
flavor-changing transitions proportional to the W matrix is
the LQ radial hU [see (5)]. Similarly to what we did with the
gauge and Goldstone contributions, we decompose the
contribution from the scalar LQ as
VRVðxV ; xR; x̃i; xiÞ ¼ xidIVðxVÞ
× ½−ΔU þ FRVðxV ; xR; x̃i; xiÞ; ð28Þ
with xR ¼ m2hU=m
2
U and x̃i ¼ m2i =m2hU . As expected, the
LQ radial contributions cancel exactly the divergence
from the Goldstone sector. The corresponding expressions
for the FRVðxV ; xR; x̃; xÞ loop functions are given in
Appendix B 1 c. In the limit of heavy radials, i.e., x̃i→0
and xR → ∞, these reduce to




Therefore, the net effect of the LQ radials in the heavy
radial limit is to replace the divergence in (25) by




namely by a logarithm of the mass ratio plus an Oð1Þ
constant that is the same for all three effective vertices.
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2. Model II
Apart from the Ω1;3 fields introduced in Sec. II, this
model requires an additional scalar with nonzero vev, Ω15,
to generate a nontrivial W matrix (see Appendix A for
details). This field transforms in the adjoint of SUð4Þ and
therefore it contains a scalar LQ. In the limit ω1;3 ¼ 0
(or equivalently xZ0;G0 ¼ 0), this LQ is identified with the
would-be Goldstone boson and the gauge and Goldstone
contributions become finite [see (27)]. However, in the
general case where ω1;3 ≠ 0, as needed to have θL;Q ≠ 0
(see Appendix A), the Goldstone contribution is divergent
and all LQ radials have to be considered. Since the scalar
sector is more involved in this case, we do not compute the
LQ radial contributions here. However, we note that, as in
the case above, their effect in the heavy and degenerate
radial mass limit is to replace the divergence in (25) by
ΔU → ln xR þ fR; ð31Þ
where, similarly to the case above, xR ¼ m2R=m2U, with mR
being the mass of the LQ radials, and fR is a (universal)
constant, expected to be of Oð1Þ.
C. ΔF= 1 semileptonic operators
We define the following effective Lagrangian for the
semileptonic operators involving ΔF ¼ 1 flavor-changing





































































Neglecting contributions ofOðg2SM=g24Þ, with gSM being the
SM couplings, the corresponding Wilson coefficients at the










































































where we omitted the arguments in the loop functions to
simplify the notation. The expressions for the Bijklfg loop
functions, whose flavor indices refer to the SUð4Þ basis, are
given in Appendix B 2. If we neglect terms of OðjW12j2Þ,

























þ ln xQðxQ − 1Þ2

: ð35Þ
We also provide the corresponding amplitudes for the
hadronic and leptonic boxes in Appendix B 2. The hadronic
and leptonic ΔF ¼ 1 EFT contributions can thus be
obtained with trivial replacements in the expressions given
here.
D. ΔF= 1 dipole operators



































½CuAOuA þ CdAOdA þ H:c:; ð36Þ
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where H̃ ¼ iσ2H, the Higgs vev is normalized such that
hH†Hi ¼ v2=2 with v ≈ 246 GeV, and
F̂
μν





G ¼ gsTaGaμν: ð38Þ
We compute the Wilson coefficients to first order in the
(third-generation) SM Yukawa couplings and, consistently
with the semileptonic amplitudes discussed above, we
neglect flavor-violating effects from the CKM matrix. In
this limit, the Wilson coefficients for the ΔQ ¼ 1 down-




































2ðx − 1Þ4 ln x −







2ðx − 1Þ4 x ln xþ




vanish for x → 0 and approach G1ð1Þ → −11=24 and
G2ð1Þ → −5=24 in the x → 1 limit. The separate contribu-
tions from each loop diagram are reported in Appendix B 3.
The expression of the (phenomenologically less interesting)
coefficient CuA is obtained from C
d
A replacing yb with yt,
and yτ with the third generation neutrino Yukawa coupling

















where QBqL ¼ 16, QWqL ¼ 1, and Nc ¼ 3 is the number of
colors of the particles in the loop. Due to the colorless nature
of the leptons, there is no gluon-dipole operator.
For completeness, we note that the coefficients of the
photon-dipole operators
Odγ ¼ eq̄2LσμνFμνd3RH; Oeγ ¼ el̄2LσμνFμνl3RH; ð43Þ
which are particularly interesting from the phenomeno-
logical point of view, can be obtained by the coefficients
above as CdðeÞγ ¼ CdðeÞB − C
dðeÞ
W =2 or, equivalently, by using
(39) and (42), with QAf being the electric charges of the
corresponding states.
E. ΔF= 2 hadronic operators







































The expressions for the individual contributions from each
diagram are reported in Appendix B 2. Note that the loop
function in (45) does not agree with the expression in
[16,20], which was obtained by rescaling the W box
contribution. As we already mentioned in Sec. III A, the
different fermion mixing structure of the model compared
to the SM does not allow for a naive rescaling of the SM
amplitudes. Adopting the same normalization, the loop
function in [16,20] has the same x → 0 behavior as
FΔF¼2ðxÞ in (46), but a steeper raise for larger x values,
reaching 3=16 for x ¼ 1. As a result, we deduce that the
bound on xL derived in [16,20] from Bs mixing is slightly
overestimated.
We finally note that an analogous expression for ΔL ¼ 2





NcðW21W22sLc2QÞ2, with the same loop function but with
xQ as argument instead of xL.
IV. PHENOMENOLOGICAL IMPLICATIONS
A. b → sνν transitions
Before electroweak (EW) symmetry breaking, the part of
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where β23 ¼ W12W22sQc2L. At the matching scale, C3333lq













lq ð1Þ ≈ 8 [26]. We have checked explicitly
using DsixTools [based on the renormalization group
evolution (RGE) equations in [28–30] ] that RGE effects
in C3333
lq ðμ ¼ mZÞ, including the mixing with the flavor-
conserving leptoquark mediated operator, are below 20%.




lq onto the coefficients of











where αw ¼ α=s2w ¼ g22=ð4πÞ and Vij are CKM matrix
elements. Neglecting the tiny contributions suppressed





where Xt ¼ 1.48 0.01 [31]. Taking into account the
contribution of (47) after diagonalizing the Yukawa cou-
plings, we get Cl ≈ CSMl for l ¼ e; μ and
Cτ ≈ C
SM






























Here, sb is the 2-3 mixing from the left-handed diagonal-
ization of Yd, defined as in [20,32], and we have neglected
terms of Oðs2bÞ. Employing the notation of [20], we further
identified CU ¼ GU=GF and β23 ¼ βbτβsτ þOðs2L;dÞ, and
neglected the terms of Oðs2L;dÞ. Finally, CRGEU encodes the
RGE-induced contribution from the flavor-violating tree-
level leptoquark mediated operator. Using DsixTools [33]
and setting mU ¼ 4 TeV, we find
CRGEU ≈ −0.058: ð53Þ









Of the two contributions to ΔCτ in (52), the one propor-
tional to sb can induce at most a 3% correction to
BðB → KðÞννÞ: the value of sb is indeed severely con-
strained by the tree-level Z0 and G0 contributions to Bs
mixing, which imply jsbj≲ 0.1 × jVtsj [15–17,20]. The
contribution proportional to β23 ≈ βsτβbτ can be larger,
yielding up to Oð60%Þ corrections to the BðB → KðÞννÞ
SM value. Moreover, the sign of the correction is unam-
biguously connected to the sign of the new physics
contributions to RDðÞ . More precisely, an enhancement
of the RDðÞ ratios requires a positive β23 that, in turn,
implies an enhancement also in BðB → KðÞννÞ.





as a function of xL setting β23 ¼ 3jVtsj, CU ¼ 0.01, and
g4 ¼ 3, which are natural benchmark values to fit RDðÞ
while avoiding direct searches [32]. Changing β23 and CU













The value of ΔB→KðÞνν at xL ¼ 0 corresponds to the
contribution of CRGEU in (52), whereas the growth with
xL is due to C3323lq . As a result, a change of g4 would rescale
only the latter contribution. It is worth noting that the Belle
II Collaboration should be able to measure BðB → KðÞννÞ
with a 10% error, assuming the SM value [34], and thus
should be able to probe most of the parameter space of the
model relevant to fit the B-physics anomalies.
B. b → cτν transitions
In this section we evaluate the modifications of b → cτν
decay amplitudes, and their impact in RD and RD , with
respect to the NLO effects estimated in [26,27] in the limit
of minimal field content. In the rest of the section we refer
to these previous works as Ref. I [26] and II [27].
Before EW symmetry breaking, the effective Lagrangian





p ½CULLOULL þ ðCULROULR þ H:c:Þ; ð57Þ
where we have left the flavor indices implicit, and the













Restricting the attention to b → cτν decays, quark flavor
indices assume the values 3 and 2, whereas the lepton flavor
indices are always third generation (in close analogy to the
b → sνν case discussed above).
At the matching scale, the relevant Wilson coefficients


























































where ϕLR parametrizes the arbitrary relative phase
between left- and right-handed currents, related to the
embedding of SM quark and leptons in SUð4Þ multiplets
[17]. The first term in all the expressions above corresponds
to the tree-level contribution that, compared to Ref. I and II,
is modulated by a combination of W entries also in the
flavor-conserving case.
The NLO corrections can be further decomposed into a
factorizable contribution due to the renormalization of g4
(under both α4 and αs corrections) and nonfactorizable
finite contributions due to box amplitudes and nonuniversal
vertex corrections. In order to follow the approach adopted
in Ref. I and II as closely as possible, we renormalize g4
from the on-shell inclusive decay width of the LQ into a τ
lepton and any quark species, that we denote as ΓUτ . In the
absence of high-energy observables sensitive to Wij, we
treat W21 (and correspondingly W11) as an effective low-
energy parameter that we do not need to normalize.
By construction, the αs corrections are flavor blind and
can be directly extracted from the result in Ref. II. Summing
factorizable and nonfactorizable contributions, and assum-
ing the custodial limit for the vector masses, yields
δC
ðsÞ;ij
LL ≈ 2.65; δC
ðsÞ;ij
LR ðμ ¼ mUÞ ≈ 7.15: ð60Þ
As far as the leading α4 corrections are concerned, the
renormalization of g4 proceeds as in Ref. I and II. The
unitarity of the W matrix ensures that the finite vertex
corrections are independent ofW to a good approximation.
The residual W dependence of ΓUτ , proportional to jW21j2,
vanishes in the limit m2Q;L ≪ m
2
V and is expected to be
subleading. This subleading contribution is model depen-
dent and we neglect it in the following. We can thus
decompose the α4 NLO corrections as
δC
ð4Þ;ij
LLðRÞ ¼ δCð4ÞjIF þ δC
ð4Þ
LLðRÞjINF
þ δCð4ÞjVLF þ δC
ð4Þ;ij
LLðRÞjVLNF : ð61Þ
Here the subscript I refers to the flavor-blind result obtained
in Ref. I that, in the custodial limit for the vector masses,
yields
FIG. 1. Model predictions for the modifications of BðB → KðÞννÞ relative to the SM predictions, see Eq. (55). The bands are due to
the variation of radial masses in the range mR ∈ ½1; 2π ×mU (with fR ¼ 0 in model II). See main text for more details.
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where the subscript F (NF) denotes the factorizable (non-
factorizable) contributions. The factorizable contribution
due to vectorlike quarks, δCð4ÞjVLF , corresponds to the two-
point function corrections that can be found in Appendix C
1. This is the only effect due to these additional degrees of
freedom that does not vanish in the xQ;L → 0 limit. We find
that this contribution yields an Oð5% − 10%Þ reduction of
the WCs, for fixed on-shell coupling g4 ¼ 3. As far as
nonfactorizable corrections are concerned, δCð4Þ;ij
LLðRÞjVLNF , we
neglect the contributions generated from the vertex, con-
sistently with what we did with the g4 renormalization, and
consider only the box contributions. Given the results in
Ref. I, the vertex contributions are expected to be numeri-
cally subleading compared to the box amplitudes. The
complete expressions for the box amplitudes can be found






















ð1 − xQ þ ln xQÞ; ð63Þ
which in the xQ; cQ → 1 limit yield
δC
ð4Þ;32
LL jVLNF ¼ −15=16; δC
ð4Þ;32
LR jVLNF ¼ −45=16: ð64Þ
The ratio between LL and LR effective operators is of
phenomenological relevance, since it affects the relative
weight of scalar and vector contributions to RD and RD . At
the tree level, this ratio is completely determined by W11
and the phase ϕLR. At NLO accuracy it gets modified by the
nonfactorizable corrections and becomes flavor dependent.



































At fixed g4 ¼ 3, we have ρ33LR ≈ 1.29eiϕLR=W11 and
ρ32LR=ρ
33
LR ∈ ½1.0; 0.92 for cQ ¼ 1 and xQ ∈ ½0; 1.
We have now collected all the ingredients to provide a
description of the LQ contributions to the RDðÞ ratios at
NLO accuracy. Expressing the quark fields in terms of mass
eigenstates (after EW symmetry breaking), and evolving














where X ¼ D;D. Here ηS is the factor encoding the RGE
evolution of OULR, which for mU ¼ 4 TeV assumes the
value ηS ≈ 1.8 [33]. The coefficients cX encode the ratios of
the hadronic matrix elements of scalar and vector operators
in the two modes. According to [35,36], they are given by
cD ≈ 1.5 and cD ≈ 0.14.
V. CONCLUSIONS
In this paper we have presented a systematic analysis of
the impact of vectorlike fermions, beyond the tree level,
in models based on the (flavor nonuniversal) SUð4Þ ×
SUð3Þ0 × SUð2ÞL ×Uð1ÞX gauge group. The inclusion of
such heavy fields in this class of models is necessary for a
successful phenomenological description of the SM spec-
trum at low-energies, in particular to describe masses
and mixing angles for the light generations [17,18,20].
Vectorlike fermions are also a key ingredient to enhance the
3-2 flavor mixing in the effective coupling of the TeV-scale
LQ field to SM fermions, providing a better fit to the
charged-current B anomalies [16]. We have considered two
possible embeddings of the vectorlike fermions into the
model, both satisfying these phenomenological require-
ments. Interestingly, most of the conclusions we have
derived are, to a large extent, independent of the specific
embedding.
The new sources of flavor symmetry breaking due to the
additional mass terms associated to the vectorlike fermions
lead to nonvanishing FCNC amplitudes that are not present
in the minimal version of the model. We have elucidated the
origin of this phenomenon in general terms, and we have
systematically analyzed the matching conditions for FCNC
semileptonic, dipole, and ΔF ¼ 2 operators. Using these
results, combined with previous NLO results in [26], we
present the first complete analysis of the impact of the U1
leptoquark in B → KðÞνν decays beyond the tree level. As
shown in Fig. 1, the branching ratios of these rare modes
are unambiguously predicted to be enhanced by 10% to
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50% in the parameter region of the model providing a good
fit to the B-physics anomalies.
The inclusion of vectorlike fermions leads also to sizable
NLO effects in amplitudes which are nonvanishing already
at the tree level, such as charged-current semileptonic
transitions. Extending our previous works [26,27], we have
analyzed these additional NLO effects. Using these results,
we have derived phenomenological expressions of the RDðÞ
ratios, in terms of the model parameters, which include all
the relevant corrections at Oðα4Þ and OðαsÞ. These results
will allow us to perform precise compatibility tests of theB-
physics anomalies, if confirmed as clear signals of physics
beyond the SM, with the predictions of 4321 models.
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APPENDIX A: VECTORLIKE FERMION
IMPLEMENTATIONS
As discussed in Sec. II C, there are several possible
implementations for the massive fermions. In this
Appendix, we discuss in more detail the two realizations
corresponding to model I and II in Table II. We also
complete the discussion in Sec. II C by including Goldstone
boson and (or) physical scalar interactions with fermions
for each implementation.
1. Model I
This model consists of a simplified version of the
composite model in [21], where a single vectorlike family
is included. In this implementation, the vectorlike mass and
fermion mixing terms are given by (i ¼ 2; 3)
Lmix ¼ λiQΨ̄0iLΩ†3QR þ λiLΨ̄0iLΩ†1LR
þMqq̄02LQR þMll̄02LLR þ H:c:; ðA1Þ




L Þ with Ψ
q;l0
L defined as in (11), and
with Ω1;3 as in (5). In the composite model in [21], one has
ω1 ¼ ω3, so the vevs of Ω1;3 preserve the custodial SUð4ÞV
symmetry. Moreover, only the Goldstone and vev part of
Ω1;3 is the same as in (5), while the physical scalars,
together with other composite resonances, are expected to
have masses around the compositeness scale, Λ ≈ 4πω1;3,
much larger than the heavy gauge boson masses. However,
to illustrate the effect of the radial modes in the compu-
tation of the FCNCs, we leave this model general by
treating ω1 and ω3 as independent parameters and we keep
the leptoquark radial in Ω1;3.
AfterΩ1;3 acquires a vev, it is straightforward to write the




















Moving to the SUð4Þ basis defined in (19), the Lagrangian
in (A1) can be rewritten as





























































and where, in the radial interactions, we included only the
leptoquark interactions.
2. Model II
This model consists of a simplified version of the one
in [20], with only one vectorlike family. Since in this
implementation χR is an SUð4Þ multiplet, a new source of
SUð4Þ breaking beyond the Ω1;3 vevs is needed to generate
a mixing between SUð4Þ flavor states. This can be obtained
from the vev of a new scalar field, Ω15, transforming in the
adjoint of SUð4Þ and singlet under the rest of the 4321
group. Once this new field is introduced, the vectorlike
mass and fermion mixing terms for this model read
(i ¼ 2; 3)
Lmix ¼ λi15Ψ̄iLΩ15χR þMiχΨ̄iLχR
þ λqq̄02LΩ3χR þ λll̄02LΩ1χR þ H:c: ðA6Þ




L Þ with Ψ
q;l0
L defined as in (11). Since
the scalar sector of this model is more complicated, we do
not discuss the radial modes here. The Goldstone and vev
part of Ω1;3 retain the same form as in (5) [with mU as in
(A8)], while the Goldstone and vev part of Ω15 decompose
under the SM group as

























þ    ; ðA7Þ
where the dots represent radial excitations that we do not
consider. The presence of a vev for Ω15 introduces an
explicit breaking of the custodial SUð4Þ symmetry in the
gauge boson masses. Indeed, this vev does not affect the Z0
andG0 masses, but it does change the U1 mass compared to















Once more, it is possible to write the fermion mass terms
























Þ. Note that, in the limitω15 ¼ 0,
the mass vectors are aligned and the W ¼ W†qWl matrix
becomes the identity. Using the same decomposition as in





















































aQR þ H:c:; ðA10Þ
with q0L ¼ cQq2L þ sQQL, and analogously for l0L [see (13)
for the definition of the mixing angles]. Note that the first
term in the ϕU interactions coincides with the one in the
previous model, cf. (A4). The second term is new and is
related to the fact that χR is now charged under SUð4Þ. Also
note that, contrary to the previous case, there are no
Goldstone couplings to ϕZ0;G0 in the limit sq;l → 0, making
manifest the custodial symmetry breaking. The interactions
involving the SMfields are however the same in bothmodels.
3. SUð4ÞV structure of W and Oq;l
A complementary (model-independent) view about the
mixing matricesW and Oq;l is obtained by looking at their
transformation properties under the SUð4ÞV custodial
symmetry. To do so, we rewrite (10) using a SUð4Þ-
invariant notation,
Lmass ¼ ξ̄LM4χR þ ψ 02LM1χR; ðA11Þ
with ξL defined in (9). Since the two Ma mix different
SUð4Þ representations with the same right-handed field,
one of them necessarily break the SUð4Þ gauge symmetry
(M4 in model I, and M1 in model II). We can further
decompose the Ma in the SUð4ÞV space as
Ma ¼ 1
4
½Maχ þ ΔMaTQ−L; ðA12Þ
where TQ−L ¼ 32 ðTB−L þ 13Þ, such that the Maq;l defined in
(15) are
Maq;l ¼ Maχ  ΔMa: ðA13Þ
From this decomposition we see that, in addition to the
breaking of the SUð4Þ gauge symmetry, the Ma can break
the SUð4ÞV symmetry if ΔMa ≠ 0. Finally, since M4 is a
vector in flavor space, it can give rise to flavor mixing if its
SUð4ÞV conserving and violating components are not
aligned in the Uð2Þξ flavor space.
The rotation matrices W̃q;l and Oq;l are determined by
the diagonalization of the 3 × 3 Hermitian matrixMLM
†
L,
where ML is the vector
MTL ¼ ðM1;M41;M42Þ ðA14Þ
for quark and leptons. The matrix MLM
†
L has rank one
and is dominated by M4χ. To understand how the mixing
matrices are related to the breaking of the various sym-
metries, let us consider the basis whereM4χ is aligned to the







and let us consider the limiting case where all the other
contributions to ML are small relative to Mχ . Then from























Form this we deduce that
(i) W ≠ 1 can be achieved only with a double breaking
of SUð4ÞV and the Uð2Þξ flavor symmetry in M4.
(ii) Oq;l ≠ 1 necessarily require SUð4Þ breaking,
involving both M1 and M4, but does not require
SUð4ÞV breaking. If the custodial symmetry is
unbroken Oq ¼ Ol.
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APPENDIX B: DETAILS ON THE
FCNC COMPUTATIONS
1. Z0 and G0 flavor-changing vertices
a. Contribution from gauge and Goldstone fields
The flavor-changing G0 and Z0 one-loop vertices are
given in Fig. 2, with the internal curvy (dashed) line
denoting the U1 LQ (Goldstone). Using the same normali-
zation as in (24), the contribution from each diagram at
s ¼ 0 and in the Feynman gauge reads









Ve ¼ gLVxif3ðxiÞ − gRVxi½f2ðxiÞ þ f3ðxiÞ;
Vfþg ¼ −2gVUϕf1ðxiÞ;
Vh ¼ gVϕϕxif2ðxiÞ; ðB1Þ
where i ¼ LðQÞ for the quark (lepton) vertices, xQ;L ¼
m2Q;L=m
2
U, NL ¼ 3NQ ¼ 3, and
f1ðxÞ ¼
x2 ln x





















. Note that we have
applied the unitarity relations discussed in Sec. III A in
diagrams (a.i), (b), (c), and (d). Due to these unitarity
cancellations, the contributions from these diagrams are
finite. Diagrams (f) and (g) require a fermion mass insertion
and are also finite. On the other hand, diagrams (a.ii), (e),
and (h) are divergent.







G0 ¼ gRG0 ¼ 0;
gZ0UU ¼ 4; gG0UU ¼ 1;











The right-handed fermion couplings are different in
models I and II. For model I, these couplings are zero,









b. Contributions from radial modes
We discuss here the contributions from the radial modes,
which we compute only for model I. The diagrams to be
computed are the same as in Fig. 2 replacing the Goldstone
by a radial leptoquark, except for (h) which has two
contributions: one with two radials, and one with a radial
and a Goldstone. We find
VRaþb ¼ −g2hiNixif4ðx̃iÞ;
VRe ¼ gLVg2hixif3ðx̃iÞ;
VRfþg ¼ 2gVUhghixif5ðxi; xRÞ;








FIG. 2. One-loop diagrams contributing to the Z0 and G0 flavor-
changing vertices.
FIG. 3. Flavor-changing fermion self-energy diagrams corre-
sponding to the blob in (a) and (b) of Fig. 2.
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where i¼LðQÞ for the quark (lepton) vertices, x̃i¼m2i =m2hU ,
xR ¼ m2hU=m
2
U, and the loop functions are defined as






ðx2 − x1Þðx1 − 1Þ


















ðx1 − x2Þðx2 − 1Þ

; ðB5Þ
and the radial couplings are given by
ghQ ¼ cot β; ghL ¼ − tan β;
gZ0Uh ¼ −4 sin β cos β; gG0Uh ¼ 2 sin β cos β;
gZ0ϕh ¼ gZ0Uh; gG0ϕh ¼ gG0Uh;
gZ0hh ¼ 1þ 2 sin2 β; gG0hh ¼ cos2 β: ðB6Þ
In the limit of very heavy radial mass compared to gauge
boson and vectorlike fermion masses, where x̃i → 0 and






















Here we compile the results from the previous sections,
using the same notation as in Sec. III B. For the gauge and
Goldstone contributions, the regular functions in model I are
FI
Z0q
ðxZ0 ; xL; cLÞ ¼ −xZ0F1ðxLÞ þ
73þ 12c2L − 3xL
4ðxL − 1Þ
−






ðxZ0 ; xQ; cQÞ ¼ −xZ0F1ðxQÞ þ
67þ 4c2Q − xQ
4ðxQ − 1Þ
−













xL ln xL; ðB8Þ
while the regular functions in model II read
FII
Z0q


















G0ðxG0 ; xL; cLÞ ¼ FIG0ðxG0 ; xL; cLÞ; ðB9Þ




2ðx − 1Þ −
xþ 8
ðx − 1Þ2 x ln x: ðB10Þ
The regular functions for the radial contributions, which




ðxZ0 ; xR; x̃L; xLÞ ¼ F2ðxR; x̃L; xLÞ
þ ð2xZ0 − 7Þx̃Lðx̃L − 1Þð2xZ0 − 1Þ






ðxZ0 ; xR; x̃Q; xQÞ ¼ F2ðxR; x̃Q; xQÞ
þ ð2xZ
0 − 5Þx̃Q
ðx̃Q − 1Þð2xZ0 − 3Þ








where we used the mass relations xZ0 ¼ 12 þ sin2 β and
xG0 ¼ 2 cos2 β, and the function F2 defined as






þ ð9þ x3Þx1 − x3







þ 2ðx3 þ 4Þx3 ln x3ðx3 − x1Þðx3 − 1Þ
: ðB12Þ
Note that the singular points xZ0 → 3=2; 1=2 imply
ω1;3 → 0, respectively, for which W → 1 and therefore
vanishing FCNCs.
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2. Box diagrams
Here, we provide further details on the calculation of the
box amplitudes. We present the results in the SUð4Þ basis
[see (19)], but we focus on the cases where only SMparticles
are present in the external states. There are four possible
topologies contributing to these amplitudes. These are shown
in Fig. 4, with the curvy line denoting the U1 exchange, and
the dashed line denoting aϕU Goldstone exchange.Note that
mixed diagrams with Goldstone and gauge leptoquarks
necessarily contain a vectorlike fermion as external state,
which we do not consider here. Furthermore, we do not
consider radial box contributions. These can be easily
obtained from the Goldstone-box contribution by appropri-
ately replacing the couplings, and are power suppressed in
the limit of heavy radial masses.
a. Semileptonic amplitudes
The amplitudes for the semileptonic box contribution










Only the nonplanar diagrams contribute to this amplitude,
i.e., Bql ¼ Bcql þ Bdql. The contributions of each diagram
read
½Bcqlijαβ ¼ 2δijδαβBð0; 0Þ
þ 2δαβWi2Wj2c2L½BðxL; 0Þ − Bð0; 0Þ
þ 2δijW2αW2βc2Q½Bð0; xQÞ − Bð0; 0Þ
þ 2Wi2Wj2W2αW2βc2Qc2L











In the Feynman gauge, the loop functions are given by
Bðx1; x2Þ ¼
1
















which, as expected, are finite in this gauge.
On the other hand, the box amplitudes for the case with



















In this case, there are no Goldstone contribution so the only


























L½BðxL; 0Þ − Bð0; 0Þ: ðB17Þ
b. Hadronic amplitude










in which only planar diagrams contribute, i.e., Bqq ¼






























FIG. 4. Box diagrams contributing to the FCNCs.
3We define the amplitudes between an initial (partonic) state jii
and a final state jfi as Aij ¼ hfjTfei
R
d4xLintgjii.
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with the same loop functions as in the semileptonic
case, cf. (B15).
c. Leptonic amplitude
The corresponding box amplitude with two left-handed












As in the hadronic case, only planar diagrams contribute.

































with the loop functions in (B15).
3. SM dipole diagrams
We provide here further details on the computation of the
SM dipoles. The diagrams to be computed are (c), (d), (e),
and (h) of Fig. 2 with the external gauge boson being
a SM gauge boson, and with appropriate Higgs insertions in
the fermion lines. The only cases where all diagrams are
not vanishing are the Bμν dipoles, since both internal
fermions and the LQ have nonvanishing Uð1ÞY charges.
Considering the case of the OdB operator as representative





fYl½DLc ðxLÞ þ xLDeðxLÞ










½ðYl þ YeÞðDRc −DEFTÞ
þYUDRd ; ðB22Þ
where Yl;e;U denote the corresponding hypercharges, and
DL;Rk are the contributions from each of the diagrams in
Fig. 2 evaluated in the Feynman gauge. In the limit of
vanishing external momenta, these diagrams are given by
DLc ðxÞ ¼ x
7 − 24xþ 21x2 − 4x3 þ ð6 − 12xÞ ln x
6ðx − 1Þ4 ;
DLd ðxÞ ¼ −x
5 − 15xþ 3x2 þ 7x3 þ 6ð1 − 3xÞx ln x
12ðx − 1Þ4 ;





2þ 3x − 6x2 þ x3 þ 6x ln x
12ðx − 1Þ4 ;
DhðxÞ ¼ −
1 − 6xþ 3x2 þ 2x3 − 6x2 ln x
12ðx − 1Þ4 : ðB23Þ
We further need to subtract the corresponding contributions
from the EFT matrix elements. This is only nonvanishing
for the diagrams associated to the DRc contribution, shown
in Fig. 5. We find
DEFT ¼ −1; ðB24Þ
which exactly cancels the contribution from the corre-
sponding UV diagram. This curious cancellation can
swiftly be reproduced from computing the hard region
of the corresponding loop graph in the full theory [37–40]
and seeing that it vanishes exactly.
The expression (B22) can easily be matched to the
general decomposition in (42) defining the combined loop
functions
G1ðxÞ ¼ DLc ðxÞ þ xDeðxÞ;
G2ðxÞ ¼ DLd ðxÞ þ xDhðxÞ: ðB25Þ
APPENDIX C: DETAILS ON THE CHARGED
CURRENT COMPUTATIONS
1. Two-point function
The contribution of the vectorlike fermions to the LQ
two-point function can be written as
iΣ
μν






with the loop function ΣUðsÞ defined as
(a) (b)
FIG. 5. Dipole diagrams in the standard model effective field
theory. The square denotes the insertion of the dimension-six
operator resulting from integrating out the U1 leptoquark. The
dashed line represents the Higgs field.




U ðsÞ ¼ ðNf þ NχLÞf0ðsÞ þ NχRf2ðs;mL; mQÞ
þ 2NχRReðW22ÞcLcQf̃2ðs;mL; mQÞ
þ NχL jW22j2c2Lc2Q½f2ðs;mL; mQÞ
− f1ðs;mLÞ − f1ðs;mQÞ þ f0ðsÞ
þ NχLcQ½f1ðs;mQÞ − f0ðsÞ
þ NχLcL½f1ðs;mLÞ − f0ðsÞ; ðC2Þ
where Nf ¼ 4 or 3 depending on whether we include the
right-handed neutrino in the loop, while NχL ¼ 2 and
NχR ¼ 0ð2Þ in model variant I (II). The s-dependent part









































































































Þ as reported in [41]. The loop functions
defined above contain constant divergent pieces that can
be absorbed into the definition of the physical mass.
Employing the on-shell renormalization scheme as in
[26], with degenerate vectorlike fermion masses equal to
the LQ mass mL ¼ mQ ¼ mU, their effect to the 2-point
function at s ¼ 0 has the form
δΣ
ðfÞ
U ð0Þ ¼ −
1
3































π − 27Þ: ðC4Þ


























≈−1.67; NχR ¼ 2:
ðC5Þ
Here, we have isolated the effect of the vectorlike fermions,
i.e., we have removed the −Nf=3 factor corresponding to
the SM fields. The correction from adding the vectorlike
fermions tends to decrease the low-energy enhancement at
NLO calculated in [26]. In particular, for fixed on-shell
coupling g4 ¼ 3, we find anOð5% − 10%Þ reduction of the
Wilson coefficients studied in [26].
2. Charged current box contributions
In analogy to the neutral-current boxes, also for the
charged-current boxes we present the results in the SUð4Þ
basis. We focus on theQ2 → Q1 flavor-violating amplitude













In this case, diagrams with Goldstone boson exchange do
not appear, and there are two possible topologies contrib-
uting to these amplitudes, namely diagrams (a) and (b) in







≡ B1111L;R ð0Þ þ c2QΔB1211L;R ðxQÞ; ðC7Þ
where i ¼ a; b denotes the topology of the box, and V1;2 ¼
U;Z0; G0 indicate the gauge bosons in the propagators.














































fB̄ðxZ0 ; 0Þþc2q½B̄ðxZ0 ; xQÞ − B̄ðxZ0 ; 0Þg; ðC8Þ
(a) (b)
FIG. 6. Charged-current box diagrams.
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with the loop function defined as
B̄ðx1; x2Þ ¼
x1 ln x1
ðx1 − 1Þðx1 − x2Þ
þ x2 ln x2ðx2 − 1Þðx2 − x1Þ
: ðC9Þ
As indicated in (C7), summing all contributions we
can decompose the result into a term independent
from the vectorlike mass, which is equivalent to the
loop function appearing in the flavor-conserving
amplitude, and a term which vanishes in the limit
xQ → 0. The former coincides with the loop function
















with fV ¼ ln xV=ðxV − 1Þ and xV ¼ m2V=m2U. In the cus-
todial limit for the massive vectors, the terms that vanish at












ð1 − xQ þ ln xQÞ: ðC11Þ
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